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Abstract: A parametric study has been carried out on the use 
of large eddy simulations (LES) technique for the prediction 
of turbulent premixed flames. A flame surface density (FSD) 
model is used together with an algebraic closure to calculate 
the filtered reaction rate. This reaction rate needs to be 
appropriately modelled. One main objective of the present 
study is to evaluate and validate the model used against 
measured data obtained from laboratory scale experiments. In 
particular, the model performance is examined by varying 
controlling parameters such as ignition radius, model constant, 
filter width and test to grid filter ratio. Flame structure, speed 
and generated overpressure are used for model evaluations at 
different times following ignition. The experimental 
combustion chamber is 0.625 litres in volume with three built-
in solid obstacles. The mixture used is a stoichiometric 
propane/air mixture with equivalence ratio 1.0. The results 
show sensitivity of the model to the specification of the initial 
ignition radius and grid resolution. However, the model is 
found to be less sensitive to the selected filter width. 
 
Keywords: LES; premixed flames; turbulence; flame surface 
density. 
1.  INTRODUCTION 
With ever growing demand for eco-friendly, optimised 
combustion systems, fundamental understanding of the 
combustion phenomena is vital. Supported by continuous 
development in computational power and resources, numerical 
modelling such as large eddy simulations (LES) provides a 
potential alternative to expensive and difficult experimental 
investigations. In LES, large eddies above a certain cut-off 
length scale, generally known as filter width, are resolved and 
the smaller scales are modelled employing sub-grid scale 
(SGS) models. Recent work in this field [1-5] has confirmed 
the high fidelity of LES in predicting key characteristics of 
premixed flames. However, one essential requirement for the 
maturity of LES as a reliable numerical tool is, the need to 
establish methodologies for obtaining solutions that are 
independent of the size of the grid resolution and filter width. 
Currently most formulations link the filter size to the 
numerical grid and these are referred to as implicit methods. 
The sub-grid filter must also be sufficiently fine to resolve a 
significant proportion of the turbulent kinetic energy [6]. 
Sensitivity of the LES results to modelling parameters related 
to SGS models, such as chemical reaction rate, is predominant 
and must also be understood. In addition, the modelling of the 
quasi-laminar phase of the initial stages of turbulent flames is 
very sensitive to ignition radius and initial conditions. These 
must be understood prior to their application. 
This paper examines and validates various important 
controlling parameters for LES simulations of turbulent 
premixed propane/air flames at an equivalence ratio of 1.0, 
which has practical importance in investigating explosion 
hazards and gas turbine combustors. The experimental test 
case chosen is constructed at the University of Sydney [7 & 8] 
and shown in Fig.1. The published experimental data [] for the 
flame structure and generated overpressure are used for 
examination and analysis. The chamber has a square cross 
section of 50mm and a height of 250mm, resulting in a total 
volume of 0.625l. Three baffle plates and a square obstacle are 
placed at different downstream location from the bottom 
ignition end. Each baffle plate has a 50×50mm aluminium 
frame constructed from 3mm thick sheeting,  on which are 
mounted five 4mm wide bars each with a 5mm separation 
between them rendering a blockage ratio of 40%. The square 
solid obstacle is of 12×12mm cross section running across the 
chamber. The baffle plates are aligned at 90 degrees to the 
solid obstacle in the configuration employed in the present 
study. More details of the chamber can be found in earlier 
publications [3 & 4]. 
2. THE LES MODEL 
In applying LES to turbulent premixed flames, there are two 
basic requirements for SGS modelling of scalar fluxes and 
chemical reaction. The standard Smagorinsky [9] model 
developed in 1963 has been widely used to model the sub-grid 
fluctuations in the velocity field. Germano, Piomeli, Moin and  
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Fig. 1 Schematic diagram of the premixed combustion 
chamber. All dimensions are in mm 
Cabot [10] extended this model by devising an automated 
procedure for determining the Smagorinsky model coefficient. 
In the present simulations the model coefficient is calculated 
from the instantaneous flow conditions using the dynamic 
determination procedure developed by Moin, Squires, Cabot 
and Lee [11] for compressible flows. The chemical reaction is 
modelled based on the flame surface density (FSD), Σ, which is 
derived as flame surface area per unit volume. The mean 
reaction rate per unit volume, is determined from: 
R  
Here R is a mean reaction per unit surface area and Σ is either 
modelled [12] or obtained by solving a full transport equation 
for the FSD [13]. Mean reaction rate per unit surface area R 
can be written as ρuuL, where ρu is unburned mixture density 
and uL is laminar flame velocity. Following the DNS analysis 
of thin premixed flames Boger, Veynante, Boughanem and 
Trouve [14] deduced an algebraic expression for Σ as: 



)~1(~
4
cc
  
where c~  is the Favre filtered reaction progress variable,   is 
the filter width and β is a model constant referred to as Boger‟s 
constant throughout this paper. This approach is implemented 
in present simulations and Boger‟s constant, β is varied as 1.2, 
1.4 and 1.8. The above expression is similar to the Bray-Moss-
Libby (BML) expression for FSD in RANS [15] with the ratio 
/ representing the degree of sub-grid scale flame 
wrinkling. 
3. NUMERICAL METHODOLOGY 
An in-house LES code called PUFFIN [16] is used to simulate 
propagation of the propane/air flame over solid obstacles. The 
initial condition of the mixture is stagnant prior to ignition. 
The LES code solves fully compressible, strongly coupled, 
Favre-filtered flow equations discretised using a finite volume 
method described in our earlier publications [3 & 17]. The 
discretisation is based on control volume formulation on a 
staggered non-uniform Cartesian grid. The filter width   is 
calculated using a box filter [3, 16 & 17], which is related to 
grid resolution in general and fits in with the finite volume 
discretisation. A second order central difference 
approximation is used for diffusion, advection and pressure 
gradient terms in the momentum equations and for gradient in 
the pressure correction equation. Conservation equations for 
scalars use a second order central difference scheme for 
diffusion terms. Third order upwind schemes QUICK and 
SHARP are used for advection terms of the scalar equations to 
avoid problems associated with oscillations in the solution. 
The QUICK scheme is also sometimes used for the 
momentum equations in areas of the domain where the grid is 
expanded and accurate calculation of the flow is less 
important. The equations are advanced in time using the 
fractional step method. The Crank-Nicolson scheme is used 
for the time integration of momentum and scalar equations. A 
number of iterations are required at every time step due to the 
strong coupling of solved equations.  
The computational domain together with boundary 
conditions is shown in Fig. 2. The combustion chamber has 
dimensions of 50×50×250mm where the flame propagates over 
the baffles and solid obstacle. Solid boundary conditions are 
applied at the bottom, vertical walls, for baffles and the 
obstacle by setting the normal and tangential velocity 
components to zero. This ideally represents impermeable and 
no-slip conditions. The walls and obstacles are considered to be 
isothermal and the same temperature is maintained thorough 
out the simulations. The wall shear is calculated by the 1/7
th
 
power-law wall function of Werner and Wengle [18]. To 
ensure that the outflow boundary condition at the open end of 
the domain is accurate and allows the pressure waves generated 
within the chamber to leave the computational domain without 
reflection, the numerical domain is adequately extended to 
325mm in x, y and 250mm in z direction with a large grid 
expansion ratio of approximately 1.25. A non-reflecting 
boundary condition [16], analogous to commonly used 
convective boundary conditions in incompressible LES, is used 
to prevent reflection of pressure waves at this boundary. 
Ignition is modelled by setting the reaction progress variable 
within certain radius at the bottom centre of the chamber. The  
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sensitivity of the ignition radius and initial value of reaction 
progress variable within the radius are studied and presented 
here to achieve the initial quasi-laminar phase corresponding to 
experiments. 
The governing equations, discretised by the finite volume 
method, are solved using a Bi-Conjugate Gradient solver with 
an MSI pre-conditioner for the momentum, scalar and pressure 
correction equations. The time step is limited to ensure the 
CFL number remains less than 0.5 with the extra condition 
that the upper limit for t  is 0.3ms. The solution for each 
time step requires around 8 iterations to converge, with 
residuals for the momentum equations less than 2.5×10
-5
 and 
scalar equations less than 2.0×10
-3
. The mass conservation 
error is less than 5.0×10
-8
.  
4. RESULTS AND DISCUSSION 
LES predictions of propagating turbulent premixed flames of 
propane/air mixture at an equivalence ratio of 1.0 in the 
combustion chamber, shown in Fig. 1, are presented here using 
the FSD model described in Section 2. Numerical predictions 
are compared with available averaged measurements, which 
include pressure-time traces, high speed video images of flame 
emissions, flame position and speed, that are derived from 
video images. A grid resolution of 90x90x336 (2.7 million 
cells) is adopted in the present calculations, as further 
refinement to 3.6 million cells shows no significant 
improvement in results for the present configuration [3]. One 
of the main objectives of this paper is to examine and assess 
the influence of various controlling parameters in LES.  
4.1 Influence of Ignition Radius and Progress Variable  
In numerical simulations of turbulent premixed flames it is 
important to mimic the quasi-laminar phase of the initial stage 
of turbulent flame after ignition. The quasi-laminar phase is 
generally achieved by setting a reaction progress variable, c~  
within certain ignition radius. In order to achieve stable and 
accurate LES predictions, it is important to understand the 
sensitivity of these parameters. Seven LES cases as detailed in 
Table 1 are carried out with four different ignition radii (3-
6mm) and initial c~  values of 0.5 and 0.7. The influence of 
test filter to grid filter ratio, γ also studied here by choosing 
two values i.e. 1.362 and 2.0 as detailed in Table 1. The basic 
idea of this analysis is to verify the appropriate ignition radius, 
in order to achieve the quasi-laminar phase of the premixed 
propagating flame. The peak overpressure and its incidence 
time are also detailed in Table 1. 
Figs. 3 and 4 present the pressure-time histories obtained 
from LES simulations against experimental overpressure for 
cases A-D and E-G respectively. It is evident from Fig. 3 and 
Table 1 that the differences in peak overpressure magnitudes 
are not significant. However, the time of its occurrence is 
dependent upon the ignition radius. Comparing cases E and F 
in Fig. 4 confirms that increasing the initial value of c~  results 
in reducing the magnitude of peak overpressure. A similar 
time shift of approximately 0.4 ms can be observed while 
using a 4mm ignition radius, with little impact on 
overpressure. It is very interesting to note that using burning 
( c~ = 0.5) to completely burned conditions (approaching c~ = 
0.7 or higher) to initialise the ignition, dramatically shifts the 
timing. This type of tuning to achieve the correct timing of 
peak overpressure at a chosen ignition radius may be a good 
option and but it does not represent the ignition and after 
ignition processes correctly. It can also be identified that, 
irrespective of the radius chosen to initialise ignition, 
overpressure predictions show a maximum of 1–2% variation, 
which is quite encouraging in choosing the appropriate value 
of ignition radius to achieve the correct timing.  
Figs. 5a and 5b presents values of the time of occurrence 
of peak overpressure and its magnitude, respectively, for cases 
A-D. It is very interesting to note, from these figures, that the 
ignition radius of the hemispherical region has a linear relation  
Table 1: Outcome of LES simulations using various ignition 
radii and initial reaction progress variable values 
Case Ignition 
radius (mm) 
c~  γ Peak 
Overpressure 
(mbar) 
Time of 
Occurrence 
(ms) 
A 3 0.5 1.362 111.8 11.5 
B 4 0.5 1.362 113.6 10.6 
C 5 0.5 1.362 113.2 9.90 
D 6 0.5 1.362 109.7 9.10 
E 4 0.7 1.362 112.8 11.0 
F 6 0.7 1.362 110.0 9.70 
G 4 0.5 2.0 124.6 11.0 
Fig. 2 Illustration of the computational domain. 
Combustion chamber and other obstacles are superimposed 
over grid resolution. 
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with respect to peak overpressure incidence. The straight 
horizontal line in Fig. 5a represents the time of experimental 
peak overpressure, which corresponds approximately to an 
ignition radius of about 4.5mm. However, Fig. 5b confirms 
once again that the influence of ignition radius on 
overpressure is insignificant. 
Snap-shots of the reaction rate contours from LES 
simulations of A-D at peak overpressure time are presented in 
Fig. 6. They confirm that irrespective of chosen ignition 
radius, the contours represent a similar propagating flame 
scenario in the combustion chamber. Fig. 6 shows very few 
differences, at this instance, in flame position, thickness, 
pockets, shape of recirculation zone and structure. It is quite 
encouraging that all LES simulations have predicted the 
overall flame characteristics very well. 
Fig. 4 also presents the LES prediction (Case G) using γ = 
2.0 with a reaction progress variable of 0.5 within a 4mm 
radius of ignition. This LES simulation is quite remarkable in 
achieving the closest peak overpressure i.e. 124.6 mbar with a 
small time shift of 0.68 ms from the experimental pressure 
reference. Case G confirms that test filter to grid filter ratio (γ) 
has significant influence on overpressure predictions. The 
under-prediction of overpressure in cases A-F can be clearly 
attributed to the chosen value for γ. In addition to this analysis, 
it is identified in [19], from over a hundred experimental 
pressure measurements at base and wall in the same chamber, 
that this shifting is only recognized in a small number of 
experiments involving no more than 1-2ms, thus confirming 
that the present LES predictions are within the experimental 
tolerance. Hence, it can be confirmed that the LES predictions 
are sensitive to ignition radius, initial value of reaction 
progress variable and test to filter width ratio. It is also noticed 
that cases B, E and G having ignition radii of 4 mm are closest 
in mimicking the initial quasi-laminar phase corresponding to 
experiments as seen in videos and reaction rate movies (not 
shown here). This observation is also in agreement with the 
experimental observations of Bradley and Lung [20].  4mm is 
chosen as the ignition radius for further LES simulations 
presented in next sections. 
 
 
(a) 
Fig. 5 (a) Peak overpressure incidence time for cases A-D 
(3-6mm) (b) Magnitude of the peak overpressure predicted 
for cases A, B, C & D  
(b) 
Fig. 3 Overpressure time traces of LES simulations using 
various ignition radiuses and reaction progress variable.  
Fig. 4 Overpressure time traces of LES simulations using 
various ignition radiuses and reaction progress variable.  
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4.2 Influence of Boger’s Constant (β)  
Boger‟s constant, β as described in Section 2 plays a major 
role in controlling the mean chemical reaction rate and thus 
influences flame dynamics. Three LES cases with Boger‟s 
constants of 1.2, 1.4 and 1.8 are considered here as detailed in 
Table 2. It is worth mentioning at this stage that the test filter 
to grid filter ratio (γ) is considered as 2.0 for all these cases. 
Table 2 also delineates LES predictions for these cases against 
experimental measurements.  
Fig. 7 shows overpressure time histories of three cases (G-
I) against measurements. Fig. 8 shows flame positions 
obtained from LES simulations against experimental flame 
positions that are derived from video images. It is quite 
interesting to note that as the value of β increases, the 
overpressure trend in Fig. 7 is progressively increasing. It 
should also be noted that, with a higher value of β the flame 
burns faster. This phenomenon is clearly confirmed by the 
predicted flame positions in Fig. 8. As Boger‟s constant is 
related to SGS flame wrinkling factor, an increase of this 
value is expected to increase the degree of flame wrinkling 
and thus increases the surface area of the reacting flame. As a 
result, the reaction zone thickness increases as it consumes 
more unburned mixture downstream of the chamber. It is also 
noticed that the flame front is becoming sensitive with β to the 
resolved turbulent motions as seen in reaction rate movies (not 
shown here) from LES predictions. 
Table 2: LES predictions using various values for Boger‟s 
constant against experimental measurements. 
Case 
Boger‟s 
constant 
(β) 
Time 
(ms) 
Peak 
overpressure 
(mbar) 
Flame 
Position 
(cm) 
Flame 
Speed 
(m/s) 
G 1.2 11.0 124.6 18.9 81.5 
H 1.4 9.7 139.9 17.0 85.0 
I 1.8 7.8 204.1 19.8 -- 
Exp -- 10.3 138.0 15.0 56.0 
 
Fig. 9 shows a sequence of reaction rate contours for three 
LES cases and images from experimental high speed video 
recordings at various stages. Individual reaction rate contour 
legends for LES is also shown in Figs. 9a-9c. From these, it is 
evident that, as the value of β is increased, the magnitude of 
reaction rate follows thus causing over-prediction of flame 
characteristics. In Case H (β = 1.4) though the peak 
overpressure is in agreement with experiments, it is clear that 
the flame is much faster and leaving the chamber at an early 
stage. In Case I (β = 1.8), LES is over-predicting the flame 
characteristics at an earlier stage than experiments. However, 
in Case G (β = 1.2), LES predictions are in reasonable 
agreement i.e. the peak overpressure is within 10% of 
experimental tolerance and with a correct flame position up to 
blowout phase. Hence, it is clear from these simulations that 
the Boger‟s constant is one of the key parameters on which 
flame is highly dependent or in other words; choosing a 
correct β will provide better results. However, combining the 
results presented in Figs. 7, 8 and 9 indicates that a value of 
1.2 for β might be a correct choice for the propagating 
turbulent premixed flame in this chamber. 
Fig. 6 Reaction rate contours at peak overpressure incidence 
as detailed in Table 1 for four LES simulations (Cases A-D). 
The flame image from experiments at 10.5 ms can also be 
seen here. 
Fig. 7 Comparison of overpressure time traces from LES 
predictions against experimental measurements. 
Fig. 8 Comparison of the flame positions from LES 
predictions against experimental measurements.  
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4.3 Influence of the Test filter to Grid Filter Ratio (γ) 
The concept of test filter in LES is very important [3, 10, 11 & 
17] in modelling the SGS momentum and scalar fluxes. A 
classical application of test filter is its application to the 
velocity field to extract information from the resolved scales 
[10 & 11]. This procedure is well established in modelling the 
Smagorinsky model coefficient dynamically. However in the 
case of reacting flows, a test filter is involved in calculating 
SGS scalar fluxes, which are predominant and must be 
accounted. More details of the test filter and their applications 
can be found elsewhere [10, 11 & 17]. In general, the ratio of 
test filter to grid filter, i.e.  /
ˆ
 is defined as γ, such that the 
test filter 
ˆ
 is greater than the grid filter  . In the present 
simulations, two value i.e. 1.362 and 2.0 are chosen for γ as 
detailed in Table 1. As seen in Fig. 4, it is very clear that γ is 
also a key parameter on which LES predictions are dependent. 
As noticed in Cases E and G in Fig. 4, LES predictions are not 
as sensitive to other controlling factors such as ignition radius 
or Boger‟s constant. In fact, it is clear, that a value of 2.0 for γ 
is optimal in predicting LES overpressure trend in good 
agreement with experiments. This observation matches the 
calculations of Germano, Piomeli, Moin and Cabot [10] for an 
optimal value for test to grid filter ratio. 
4.4 Influence of Filter Coefficient, α 
Given an optimal and affordable grid resolution, one can 
obtain better numerical accuracy by reducing the filter width, 
 . However it should be noted here that the LES simulations 
under investigation are involved in “implicit filtering” [21] 
and so this is difficult to achieve in practice without the 
refinement of grid, as it is directly associated with grid 
resolution as: 
3/1)( zyx   
An alternative and more feasible approach is explicit 
filtering [22] which involves decoupling the filter width from 
the grid resolution. For turbulent premixed combustion, the 
explicit filter width may be expressed in terms of the sub-grid 
scale flame and flow structures such as laminar flame 
thickness, flame speed and characteristic sub-grid scale 
velocity fluctuations. Just to verify the above fact, we 
introduced a filter coefficient α in the filter width formulation 
as: 
3/1)( zyx    
The filter coefficient α can be any value ≥1 such that it 
satisfies the ratio fL/  ≥ 3 in order to avoid the DNS limit, 
where Lf is the calculated strained laminar flame thickness. 
Four additional LES simulations were carried out to verify the 
influence of filter width coefficient on numerical accuracy by 
varying the value of α from 1.0 to 2.0 with an interval of 0.25. 
Fig. 10 shows the overpressure time histories from LES 
simulations using various filter coefficient values. It is 
interesting to note that LES predictions from all simulations 
are falling on same line and shows no sensitivity to the chosen 
Fig. 9 Sequence of images to show flame structure at 
different times after ignition (a) Case G,(b) Case H, (c) 
Case I and (d) Experimental images from high speed 
video recordings.  (a), (b) and (d)  present at 6, 9.5, 10, 
10.5 and 11ms and (c) at 6, 7, 7.6, 7.8 and 8ms 
(b) 
(c) 
(a) 
(d) 
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value. Fig.10 clearly indicates that, there is no significant 
improvement in the pressure-time history, by changing the 
value of the filter width coefficient. It can be seen that, the 
pressure time histories from the simulations using α from 1.0 
to 1.75 are overlapping when α is equal to 2.0. As explained 
earlier, this phenomenon is due to the implicit filtering 
approach used in the present simulations. 
It is also identified that, in governing the numerical 
accuracy, filter width has a restricted role due to the type of 
filtering approach employed, which is directly linked to the 
grid resolution. However, filter width determines the portion 
of turbulence kinetic energy resolved, irrespective of the type 
of filtering approach, which is another key ingredient for good 
LES. In the present investigation, calculations have been made 
to estimate the resolved turbulence kinetic energy (not shown 
here) which is adequate for a good LES simulation [3]. 
5. CONCLUSIONS 
A number of LES simulations of propagating turbulent 
premixed flames, of propane/air mixture of equivalence ratio 
1.0, past repeated obstacles have been carried out. The grid 
chosen for the present simulations has 2.7 million cells in 
computational domain and found to be adequate in resolving 
about 70% of the turbulent kinetic energy [3] for this 
configuration. The mean chemical reaction rate is modelled 
using a simple FSD model based on the flamelet approach. 
Controlling parameters such as ignition radius, Boger‟s 
constant, test filter to grid filter ratio (γ) and the filter width 
coefficient (α) are systematically varied to understand their 
influence upon LES predictions. Results from LES 
simulations are compared against available experimental 
measurements and analysed. The following conclusions can be 
made from the above study. 
 The ignition radius was varied from 3 to 6 mm with initial 
reaction progress variable of 0.5 and 0.7. LES predictions 
were found to be very sensitive to the ignition radius and 
found to burn faster with higher ignition radius. Initial 
reaction progress variable within the ignition radius was 
found to be less sensitive compared to the ignition radius. 
A 4mm ignition radius with 0.5 reaction progress variable 
was found to mimic the initial quasi-laminar phase of the 
turbulent flame ignited from rest. 
 The test filter to grid filter ratio (γ) is found to have 
significant influence on LES predictions. Two values i.e. 
1.362 and 2.0 were used here and LES predictions using γ 
= 2.0 were found to be in closest agreement with 
experimental measurement. Higher test filter to grid filter 
ratio can be attributed in resolving the more accurate 
momentum and scalar fluxes at test filter level, which 
were used to calculate sub-grid scale fluxes at grid filter 
level. 
 The value of Boger‟s constant (β) was found to be very 
significant in altering the LES predictions. Three values 
i.e. 1.2, 1.4 and 1.8 were used here and LES predictions 
were found to be very sensitive. It was noticed that high 
sensitivity of LES predictions is directly related to higher 
flame surface area due to high flame wrinkling. Boger‟s 
constant above 1.4 seems to be predicting unrealistic 
results. Hence, it is advisable to use a value between 1.2 
and 1.4. 
 Influence of the filter width coefficient (α) has been 
studied by choosing 5 values between 1.0 and 2.0 with an 
increment of 0.25. It has been noticed that the LES 
predictions were insensitive to the value of α. This is 
attributed to the type of grid filtering (box/top-hat) 
process considered in this study.  
 It can be concluded that the LES predictions in Case G 
having an ignition radius of 4.0mm, initial reaction 
progress variable of 0.5, test filter to grid filter ratio of 2.0 
and filter width coefficient of 2.0 are in good agreement 
with experimental measurements. Predicted overpressure 
trend, flame position, flame speed and flame structure 
were found to be in good agreement with measurements. 
However, the difference in the overpressure trend 
between LES and measurements can be attributed to the 
simple FSD model used in this study.  
 
Finally, the key findings from this investigation are found to 
be in line with the values found in literature and give good 
confidence for further use. 
Fig. 10 Pressure time histories from LES simulations with 
various filter coefficient values as shown in legend. 
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